H uman autoimmune type I diabetes (TID) 3 insulin-dependent diabetes mellitus) is characterized by leukocytic infiltration of the pancreata, followed by specific immune destruction of the ␤ cells of the islets of Langerhans. This human disease is best represented in nonobese diabetic (NOD) mice. NOD's genome predisposes the females of this strain to spontaneous development of TID. Introgression of co-isogenic chromosomal segments from resistant strains into NOD or vice versa has led to the identification of ϳ20 diabetogenic (Idd) loci, revealing the polygenic nature of the disease (see reviews in Ref. 1) . Of the numerous Idd loci, Idd1 is the best understood. It localizes to the H2 g7 region, the MHC of NOD mice (2) (3) (4) (5) (6) . Pathogenic H2 g7 -restricted CD4 ϩ and CD8 ϩ T lymphocytes are thought to be kept under check by immune regulatory cells such as the invariant V␣14J␣18 TCR ␣-chain-positive natural T (iNKT) cells (7-9) either directly or through the mediation of other cell types (e.g., dendritic cells (10) or CD4 ϩ DX5 ϩ T lymphocytes (11) . NKT cells are a unique subset of T lymphocytes (12-16), the majority of which express an invariant V␣14J␣18 ␣-chain preferentially paired with a V␤8.2 ␤-chain (13, 17, 18). The CD1d1 tetramer containing a synthetic glycolipid Ag ␣-galactosylceram- Consistent with its predicted role in vivo, autoimmune diseaseprone mice have very few iNKT cells (24 -28). Thus, NOD mice have less than half the number of iNKT cells compared with C57BL/6 or BALB/c mice (24 -26) . NOD iNKT cells secrete little, if any, IL-4 upon in vivo activation (24, 25) . This deficiency is complemented in an IL-4-and IL-10-dependent manner by adoptive transfer of CD4 Ϫ 8 Ϫ thymocytes, which includes iNKT cells, making the young NOD recipients TID resistant (29) . Further, increasing the number of endogenous iNKT cells through V␣14J␣18 TCR transgenesis increases IL-4 production by NOD transgenics and protects them from TID (30) . Moreover, the absence of NKT cells in NOD.129-CD1d 0/0 mice increased TID incidence (9, 31) even in males, which ordinarily have delayed onset and relatively lower disease incidence compared with female NOD mice (9) . Together these findings underscore the role of iNKT cells in downregulating autoimmune responses in vivo.
Administration of ␣-galactosylceramide (␣-GalCer), a synthetic CD1d-restricted iNKT cell Ag (19), into prediabetic NOD mice protects them from spontaneous and cyclophosphamide-induced TID (7) (8) (9) . This protection appears to require IL-4, which elicits a Th2 response in treated animals (7, 32) . Alternatively, IL-4 and CSF-2 elicited by iNKT cells can induce dendritic cell differentiation that promotes Th2-type CD4 responses (10), or iNKT cells can induce tolerance within diabetogenic T lymphocytes (33) . Thus, the low numbers of iNKT cells in NOD mice and, consequently, the poor IL-4 response to activation are thought to be TID susceptibility factors in this mouse model.
Humans afflicted with TID have low numbers of V␣24J␣18 NKT cells (34) , a homologue of mouse V␣14J␣18 T lymphocytes (14, [35] [36] [37] [38] . V␣14J␣18 NKT cell clones derived from TID individuals elicit IFN-␥, but not IL-4, upon activation (34) . However, V␣24J␣18
NKT cell numbers vary tremendously in both nondiabetics (39, 40) and individuals with TID (39) . Further, the robustness of the cytokine response correlated with NKT cell number (39) . Thus, the protective role of NKT cells in TID appears controversial.
We hypothesized that normal numbers of functional iNKT cells develop in TID-resistant NOD.B10-Idd and B6.NOD-Idd congenics. Thus, using CD1d1-␣GalCer tetramers and ␣GalCer, we tracked iNKT cells and probed their in vivo function in NOD mice. Our data indicate that neither iNKT cell number nor their inability to rapidly secrete IL-4 in response to in vivo activation by Ag underlies the mechanism of protection from TID. Moreover, the regulation of iNKT cell number and function appears to be under the control of genes that map to the Idd4, Idd5, Idd9.1, and Idd13 regions in mice. 
Materials and Methods

Mice
Abs and reagents
Abs and reagents for ELISA, cell surface, and intracellular staining were purchased from BD PharMingen (San Diego, CA) unless stated otherwise.
Generation of CD1d-glycolipid tetramers
The preparation of CD1d1-glycolipid tetramer has been described previously (43) . Staining with CD1d1-glycolipid tetramer was performed by incubating 1 million cells on ice for 45 min at a concentration of 10 g/ml.
Measurement of ex vivo cytokine response
Each mouse was injected with 10 g of ␣GalCer diluted in PBS from a 220 g/ml stock solution in vehicle (0.5% (v/v) polysorbate-20 and 0.9% (w/v) NaCl) i.v. through the tail vein. Controls were injected with a corresponding dose of vehicle. Ninety minutes later, splenocytes from ␣GalCer-and vehicletreated mice were harvested and immediately incubated in tissue culture for 2 h without restimulation with Ag. Supernatants were collected and used to measure IL-2, IL-4, CSF-2, IFN-␥, and TNF-␣ by sandwich ELISA.
ELISA was performed using JES6-1A12, 11B11, R4-6A2 or MP1-22E9 capture Abs and biotinylated JES6-5H4, BVD6-24G2, XMG1.2, or MP1-31G6 Abs for measuring IL-2, IL-4, IFN-␥, or CSF-2, respectively. TNF-␣ was detected with the DuoSet ELISA development system (R&D Systems, Minneapolis, MN). Pure recombinant cytokines were used to derive a standard curve for each cytokine from which the cytokine response was calculated.
Flow cytometry
Thymocytes of individual, age-matched (6-to 10-wk old) mice were stained for four-color flow cytometric analyses with anti-V␤8.1,8.2-FITC (MR5-2), anti-CD161 (NKR-P1 or NK1.1)-FITC (PK136), anti-CD24 (heat-stable Ag (HSA))-PE (M1/69), anti-CD8a-PE (53-6.7), anti-TCR␤-PE (H57-597), anti-CD8a-PerCP, and CD1d1-␣GalCer-allophycocyanin tetramer. HSA low CD8 low or HSA low thymocytes were electronically gated, and iNKT cells were analyzed. Splenocytes and hepatic mononuclear cells were stained with anti-V␤8.1,8.2-FITC, anti-CD161-FITC, anti-CD45R/B220-PE (RA3-6B2), anti-TCR␤-PE, anti-CD45R/B220-PerCP, and CD1d1-␣GalCer tetramer after blocking with anti-CD16/CD32 (Fc␥III/IIR) (2.4G2). CD45R/B220 low cells were electronically gated, and iNKT cells were analyzed. Flow cytometry was performed with FACSCalibur, and the data were analyzed with CellQuest (BD Biosciences, SanJose, CA). Absolute iNKT cell number was calculated from the percentages of the CD1d tetramer-positive cells based on the total cell number obtained from each lymphoid organ (44) .
Intracellular cytokine staining
Splenocytes from mice treated with ␣GalCer or vehicle control for 6 h in vivo were stained with anti-pan NK cell-FITC (DX5) and anti-CD3 molecular complex-CyChrome (17A2) after blocking with anti-CD16/CD32 (Fc␥III/IIR; 2.4G2). These cells were then stained with anti-IFN-␥-PE (XMG1.2) after fixing and permeabilizing with Cytofix/Cytoperm (BD Pharmingen) solution according to the manufacturer's protocol. Flow cytometry was performed as described above.
Results
To enumerate iNKT cells in vivo and ex vivo, CD1d1-␣GalCer tetramers (henceforth, tetramers) were generated. Staining of C57BL/6-derived thymocytes, splenocytes ( Fig. 1) , and hepatic mononuclear cells (data not shown) revealed a distinct subset of lipid Ag-specific T lymphocytes of high frequency. Predictably, B6.129-CD1d1 0/0 and B6.129-TCR␣ 0/0 thymus, spleen ( Fig. 1 ), and liver (data not shown) had dramatically fewer, if any, iNKT cells. The ϳ0.01% staining of B6.129-CD1d1 0/0 -derived leukocytes with tetramers was very similar to staining with ␣-mannosylceramide (␣ManCer)-containing tetramer (Fig. 1) . Note that ␣ManCer is not an iNKT cell Ag (19). Thus, the staining is considered background, and these data establish the specificity of the tetramer reagent.
TID-resistant NOR and TID-susceptible NOD mice have similar numbers of iNKT cells that respond poorly to Ag in vivo
Enumeration of iNKT cells in autoimmune-prone and -resistant mice. Previous studies have demonstrated that several autoimmune-prone mice, including NOD, have decreased numbers of iNKT cells (24-28). Because of the availability of Idd and Sle congenic strains, NOD, NOR, NZM2410, and B6.NZM-Sle1 mice were analyzed for iNKT cell content and function. NOR is a diabetes-resistant relative of NOD generated from a cross between NOD and C57BLKS mice (45) . It carries ϳ87% of the NOD genome, including the dominant Idd1 region. The remaining ϳ13% of the NOR genome is contributed by C57BLKS ( Fig. 2) (46) . Because the low number of iNKT cells in NOD is thought to be an important factor in the development of TID, tetramers were used to enumerate this subset in C57BL/6, NOD, and NOR mice. As expected, iNKT cell number in NOD thymus, spleen, and liver was about one-third to one-half that in C57BL/6 lymphoid organs (Fig. 3,  A and B) . Surprisingly, however, thymic, splenic, and hepatic iNKT Ϫ thymocytes using tetramerallophycocyanin and anti-CD161-FITC or anti-TCR␤-PE. Similarly, splenic and hepatic iNKT cells were visualized as described above, but within electronically gated B220 Ϫ splenocytes and CD45 ϩ liver mononuclear cells, respectively. The numbers indicate the percentages of iNKT cells within the total population. Note that the very few tetramer-positive cells observed among B6.129-CD1d1 0/0 leukocytes were also observed with nonspecific CD1d1-␣ManCer tetramer. The data shown are representative of numerous experiments using Ͼ50 mice. cell numbers in NOR were similar to those in NOD; NOR mice had about one-third to one-half the NKT cell content of C57BL/6 mice (Fig. 3, A and B) . In contrast to NOD and NOR, lupus-prone NZM2410 and B6.NZM-Sle1 mice, a congenic strain carrying a disease-susceptible region, have very high numbers of hepatic iNKT cells compared with C57BL/6 animals ( Fig. 3, C and D) . In fact, the absolute hepatic NKT cell number in NZM2410 was 5-fold higher than that of C57BL/6 mice (Fig. 3D) . Thus, resistance to autoimmunity does not correlate with iNKT cell number. iNKT cell function in NOR mice. A hallmark of iNKT cell function is its ability to rapidly elicit a robust IL-4 response to in vivo activation by Ag (reviewed in Ref. 23). However, NOD's iNKT cells elicit poorly, if at all, an IL-4 response upon in vivo Ag stimulation (Fig. 3E) . It is possible that despite the low number of NKT cells in NOR, they elicit a robust cytokine response to in vivo activation by Ag. Therefore, to test this possibility, the ␣GalCer-induced response of iNKT cells in disease-resistant NOR was studied along with C57BL/6 as a positive and NOD as a negative control. Ninety minutes after a single i.v. injection of ␣GalCer, IL-2 as well as both proinflammatory cytokine (IFN-␥, CSF-2, and TNF-␣) and IL-4 responses were monitored in tissue culture supernatants following in vitro culture for 2 h. To analyze the results quantitatively, the amount of cytokine secreted was plotted against the splenic iNKT cell numbers shown in Fig. 3B . A diagonal was set from zero at the abscissa and the ordinate to the level of cytokine production in activated C57BL/6 splenocytes. The values above and below the diagonal indicate average cytokine response less or greater than, respectively, that of the C57BL/6 positive control on a per cell basis.
As expected, C57BL/6 splenocytes elicited robust proinflammatory cytokine and IL-4 responses within 2 h of culture in vitro (Fig.  3E) . Under similar conditions, NOD and NOR elicited little, if any, IL-2 and IL-4 (Fig. 3E) . However, unlike NOD, IFN-␥ and CSF-2 responses were lower in NOR (Fig. 3E) . TNF-␣ responses were near equal on a per cell basis in all three strains of mice (Fig. 3E) . Interestingly, consistent with their high numbers, iNKT cells elicited higher amounts of cytokines in NZM2410 and B6.NZM-Sle1 compared with C57BL/6 mice (Fig. 3F) . Thus, both TID-resistant NOR and TID-susceptible NOD mice are defective in eliciting acute IL-2 and IL-4 responses to ␣GalCer stimulation in vivo. Further, it is apparent that the genetic background of the mouse studied strongly influences iNKT cell number and function. n ϭ 6) . B, Absolute numbers of thymic, splenic, and hepatic iNKT cells in C57BL/6, NOD, and NOR mice were computed as described in Materials and Methods (n ϭ 6). C, Thymic, splenic, and hepatic iNKT cells of three C57BL/6, NZM2410, and B6.NZM-Sle1 mice were identified essentially as described in A (n ϭ 3). Because NZM2410 mice do not express the NK1.1 (CD161, NKR-P1) detected by PK136 mAb, DX5 was used as a surrogate marker in this experiment. D, Absolute numbers of thymic, splenic, and hepatic iNKT cells in C57BL/6, NZM2410, and B6.NZM-Sle1 mice (n ϭ 3). E, ␣GalCer-induced acute in vivo cytokine response by iNKT cells. Mice were injected i.v. with control vehicle or ␣GalCer. After 90 min, splenocytes were maintained in tissue culture for 2 h. Cytokines elicited during this period were monitored by ELISA. Background cytokine levels observed in vehicle-treated mice were subtracted from the ␣GalCer-induced response. The specific cytokine is plotted against the average number of splenic iNKT cells determined in B (middle panel). Note that the splenocytes in tissue culture were not restimulated in vitro with Ag. The data are the average of four experiments (n ϭ 10). NK cells (Fig. 3G) . This response of NK cells was absent in B6.129-CD1d1 0/0 mice (data not shown), which develop NK cells, but not NKT cells (48 (Fig. 3G) . Thus, the trans-activation function of iNKT cells was restored in NOR mice.
Introgression of C57BL/10's Idd9 region into NOD increases iNKT cell number, but does not rescue function
Enumeration of iNKT cells in Idd9 congenic and subcongenic mice. NOR contains Idd4, Idd5, Idd9/11, and Idd13 from C57BLKS ( Fig. 2) (46) . Because each Idd region contains numerous genes, the ability of in vivo activated iNKT cells to transactivate NK cells could be the result of both positive and negative influences imparted by products of genes within Idd4, Idd5, Idd9/ 11, and/or Idd13. Therefore, we systematically determined iNKT cell numbers in the available NOD.B10-Idd congenics, which included NOD.B10-Idd3, NOD.B10-Idd5, NOD.B10-Idd9, and NOD.B10-Idd10,18. These congenics have individual Idd regions introgressed from the resistant strain into NOD mice. The data revealed that NOD.B10-Idd9, but not NOD.B10-Idd3, NOD.B10-Idd5, and NOD.B10-Idd10,18, had slightly increased numbers of iNKT cells that reacted with the tetramers compared with those in NOD mice (Fig. 4, A-D) . NOD.B10-Idd9 thymus and spleen had iNKT cells that constitute ϳ60-70% of those in C57BL/6 (Fig. 4,  C and D) . Additionally, thymic and splenic iNKT cell numbers in NOD.B10-Idd9 were 50-70% greater than those in NOD mice (Fig. 4, C and D) . In contrast, hepatic NKT cell numbers in NOD and NOD congenics were almost the same and were about onefourth of that found in C57BL/6 mice (Fig. 4, A-D) .
Genetic linkage studies have identified three subregions within Idd9: Idd9.1, Idd9.2, and Idd9.3 (49) . To determine the genetic subregion responsible for the increase in iNKT cell number, NOD.B10-Idd9 subcongenics, which included strains R35 and R11 that encompass Idd9.3 alone and Idd9.2 and Idd9.3, respectively, were analyzed (49). As described above, the congenic strain R28 carried slightly increased numbers of iNKT cells, whereas the subcongenic strains R11 and R35 had similar numbers of this T lymphocyte subset; they were similar in number to those in NOD mice (Fig. 4, C and D) . Thus, the homeostatic maintenance of iNKT cell number maps to the Idd9.1 subregion. iNKT cells of Idd9 congenic and subcongenic mice respond poorly to ␣GalCer stimulation. The finding that NOD.B10-Idd9 animals have slightly higher numbers of iNKT cells raised the question of whether the functions attributed to this T lymphocyte subset were restored. Thus, we determined the acute cytokine response of iNKT cells as described above. C57BL/6 splenocytes elicited a robust proinflammatory cytokine IL-4 responses within 2 h of culture in vitro following in vivo activation by Ag. Under similar conditions, NOD and NOD congenics elicited little IL-4 ( Fig. 4E and data not shown) . However, akin to the positive control, mice of NOD background secreted equal (NOD, R28, and R11) or greater (R35) amounts of IFN-␥ and CSF-2 (Fig. 4E) . The IL-2 response of NOD background mice was clearly lower than that of C57BL/6 splenocytes, but their TNF-␣ responses were nearly equal (Fig. 4E) . Thus, although the introgression of Idd9 into NOD mice partially restores thymic and splenic iNKT cell number, their acute cytokine response reflects that of the NOD strain background.
To determine the roles of genes within the Idd9 region in transactivation of NK cells by ␣GalCer-stimulated NKT cells, we monitored intracellular IFN-␥ within splenic NK cells 6 h after i.v. injection of ␣GalCer or vehicle control. The data revealed that the IFN-␥ response in NK cells was restored, close to the levels observed in C57BL/6 mice, in R28, which carries the entire Idd9 region, but not in R35 (Idd9.2 and Idd9.3) or R11 (Idd9.3; Fig.  4F ). Thus, at least one of the genes that control the trans-activation function of iNKT cells maps to the Idd9.1 subregion.
Introgression of individual NOD-derived Idd into C57BL/6 decreases iNKT cell number and alters their function
One reason for the lack of association between TID and iNKT cell number and function in the preceding analyses could be due to the influence of multiple dominantly acting negative factors dispersed in the NOD background. In the NOD.B10-Idd congenics, the negative factors may not be overcome by the introgression of an individual Idd region from the resistant strain. Therefore, we reasoned that the introgression of a dominantly acting negative gene(s) into a genetic background that generates normal numbers of functional V␣14J␣18 T cells (e.g., C57BL/6) would result in reduced numbers and/or functionally deficient iNKT cells. To test this possibility, the absolute number and function of iNKT cells were systematically analyzed in B6.NOD-Idd congenics as described in the preceding sections.
B6.NOD-Idd3,10, B6.NOD-Idd6, and B6.NOD-Idd13 mice contain near normal numbers of thymic, splenic, and hepatic iNKT cells (Fig. 5, A and B) . Further, consistent with the presence of near normal number of V␣14J␣18 T cells, only B6.NOD-Idd6 NKT cells elicited a robust IL-4 response to ␣GalCer stimulation in vivo like that of the control C57BL/6 animals ( Fig. 5C) . Surprisingly, unlike the control C57BL/6 animals, B6.NOD-Idd6 mice did not elicit an IFN-␥ response to in vivo challenge with the Ag (Fig. 5C) . Thus, contrary to what might have been predicted based upon a previous report (50) , but consistent with the conclusion of another study (26) , we find that NOD alleles within the Idd6 region failed to regulate iNKT cell number and function when introgressed into the C57BL/6 strain background.
B6.NOD-Idd3,10 and B6.NOD-Idd13, despite carrying close to normal NKT cell content, responded poorly to in vivo stimulation with ␣GalCer. The two strains showed pronounced defects in acute IL-2, IL-4, IFN-␥, and CSF-2 responses to in vivo activation with ␣GalCer (Fig. 5C) . Strikingly, however, B6.NOD-Idd4, congenic mice have reduced numbers of hepatic iNKT cells despite near normal iNKT cell content within thymus and spleen (Fig. 5, A and  B) . Consistent with the low hepatic iNKT cell number, the activation of Idd4-derived NKT cells in vivo by ␣GalCer resulted in a reduced cytokine response in this congenic strain (Fig. 5C) .
We also observed that the activated iNKT cell-induced transactivation of NK cells to elicit an IFN-␥ response was significantly affected in B6.NOD-Idd13 mice, which closely resembled NOD mice (Fig. 5D ). This trans-activation function was lower in B6.NOD-Idd4 and B6.NOD-Idd5 animals, but resembled an intermediate between C57BL/6 and NOD (Fig. 5D) . NK cell activation and the IFN-␥ response to ␣GalCer in B6.NOD-Idd3,10 and B6.NOD-Idd6 resembled those in C57BL/6 mice (Fig. 5D ).
Together these data suggest that genes within Idd4 influence the maintenance and/or hepatic homing of iNKT cell number. Further, one or more genes localized within Idd3/10, Idd4, and Idd13 regions impart a negative effect on iNKT cell function in a mouse strain background-dependent fashion.
Discussion
In summary, our data revealed that neither iNKT cell number nor their inability to rapidly secrete IL-4 in response to in vivo Ag stimulation correlates with resistance to TID (summarized in Table  I ). Thus, consistent with the recent studies of the role of V␣24J␣18 NKT cells in human autoimmune diabetes (39), iNKT cell deficiency and dysfunction alone cannot explain the NOD strain's unique susceptibility to spontaneous development of TID. Moreover, we have identified regions within the mouse genome that control iNKT cell ontogeny and function.
A gene(s) within the Idd9 region appeared to control iNKT cell number and the NK cell trans-activation function of Ag-activated 3A ). The data shown are representative of two experiments (n ϭ 4). B, Absolute numbers of iNKT cells in lymphoid organs of C57BL/6, NOD, and NOD.B10-Idd9 mice (see Fig. 3B ). Averages were derived from two experiments (n ϭ 4). C, iNKT cells in NOD. B10-Idd9 subcongenic mice were visualized as described in Fig. 3A . The data shown are representative of three experiments (n ϭ 8). D, Absolute numbers of iNKT cells of C57BL/6, NOD, NOD. B10-Idd9 (R28), NOD. B10-Idd9.2, Idd9.3 (R11), and NOD.B10-Idd9.3 (R35) mice (see Fig. 3B ). Averages of the absolute numbers were derived from three experiments (n ϭ 8). p ϭ 0.004 for the difference between R28 and C57BL/6 thymic NKT cells; p ϭ 0.009 for the difference between R28 and NOD thymic NKT cells; p ϭ 0.085 for the difference between R28 and C57BL/6 splenic NKT cells; p ϭ 0.127 for the difference between R28 and C57BL/6 splenic NKT cells. E, The acute cytokine response to 90-min in vivo stimulation of NKT cells with ␣GalCer was determined (see Fig. 3E ). The averages of specific cytokine responses from five experiments using 11 mice are plotted against the average number of splenic iNKT cells represented in D (middle panel). F, Trans-activation of NK cells by ␣GalCer-activated iNKT cells was measured as described in Fig. 3G . The data shown are representative of three experiments (n ϭ 3). NKT cells. Using subcongenic strains, these functions were mapped to genes within the 33-cM Idd9.1 subregion (see Fig. 2 ). Interestingly, Lck and Il14 are among the many known and unknown genes that map to Idd9.1 (49) . Lck plays a critical role in normal conventional T and iNKT lymphocyte ontogeny and function (51) (52) (53) . Therefore, Lck introgressed into NOD from the C57BL/10 Idd9.1 subregion might in part account for the partial restoration of iNKT cell number and function. The role of IL-14, however, in iNKT cell ontogeny and function is not clear. Several genes of immunological import map within Idd3/10, Idd4, and Idd13 regions (see Fig. 2 and Table I ). The currently available mapping data suggest that Idd13 of NOR is C57BLKS derived (46) . Because iNKT cell number and function are not very different in NOD and NOR mice, the Idd13 region is less likely to contain genetic information for the development and function of this T cell subset. On the other hand, Idd4 and Idd3/10 regions of NOR are largely of NOD origin (Fig. 2) (46) .
Previous reports have indicated that mice deficient in IL-2 (44), IL-7 (54), and IL-12a (53) do not alter NKT cell development. On the other hand, IFN regulatory factor-1-deficient (55), CD1d-deficient (41, 48, 56) , and ␤ 2 -microglobulin-deficient (13) mice do not develop NKT cells. Among the remaining genes that map to the Idd4 and Idd13 intervals on chromosomes 11 and 2, respectively, we focused on the putative Idd4 candidate CSF-2 because it was shown to induce the rearrangement and expression of V␣14J␣18 within a putative precursor NKT cell in vitro (57) . Analysis of CSF-2 0/0 thymocytes, splenocytes, and hepatic mononuclear cells with the CD1d1-␣GalCer tetramer revealed slightly, but not significantly, reduced iNKT cell number compared with that of lymphoid organs in wild-type littermates (N. Matsuki, A. K. Stanic, and S. Joyce, unpublished observations). Interestingly, the iNKT cells in CSF-2 0/0 mice responded poorly to in vivo ␣GalCer stimulation; they elicited very little IL-4 and only weakly transactivated NK cells to secrete IFN-␥. To determine whether the Idd4 phenotype described herein resulted from aberrant CSF-2 function in NOD mice, B6.NOD-Idd4 mice were crossed with CSF-2 ϩ/0 and CSF-2 0/0 animals. Both crosses rescued the low NKT cell content and poor IL-4 response to ␣GalCer observed in B6.NOD-Idd4. These data implicate a gene(s) outside the CSF-2 locus, e.g., ICAM-2 and/or CCR9, that may be responsible for the Idd4 phenotype.
A previous report has shown that the introgression of the C57BL/6 NK locus, which maps to Idd6 and a part of the flanking regions, into NOD conferred resistance to TID. Additionally, the NOD.B6-NK mice had increased iNKT cell numbers, which restored the IL-4-secreting and NK cell trans-activation functions of this T lymphocyte subset (50) . Another study, however, reported contrasting results regarding NKT cell number and function in the NOD.B6-NK mice (26) . Consistent with the latter report, B6.NOD-Idd6, which also encompasses the NK region, did not have lower iNKT cell number, nor were these T lymphocytes NOD-like in their function (summarized in Table I ). The reason(s) for these contrasting results needs further investigation.
In conclusion, the data presented herein reveal that neither iNKT cell number nor their inability to rapidly secrete IL-4 in response to in vivo activation by Ag underlies the mechanism of protection from diabetes in NOR and Idd congenic mice. Moreover, the regulation of iNKT cell number and function appears to be under the control of several genes. The most notable of these map to the Idd4, Idd5, Idd9.1, and Idd13 regions of the mouse genome. A gene(s) within the Idd4 region, but outside the CSF-2 locus, controls iNKT cell number and function. Together these findings provide a clue to the genetic mechanism(s) underlying iNKT cell deficiency in NOD mice.
